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A. Problem Statement

The development of a good compound-semiconductor device technology for
integrated circuits would require a simple transistor technology that is relatively
transparent to the two commercially important families of materials, namely GaAs
and InP based. The technology should be uniform, high performance and low cost to
penetrate crucial large volume markets such as signal processing and wireless
communication.

The lack of a large bandgap insulator ( with low interface states) in III-V
materials eliminates the choice of an insulator barrier gate technology. Further, InP
based Schottky-barrier gate technology is limited by the low Schottky barrier height
(0.6 eV) on AllnAs, and the gate recess non-uniformities. The horizontal and
vertical variations in the recess etch of the Schottky HEMT prevent high threshold
uniformity, reproducible state-of-the art noise performance, and the maturation of a
high yield, low cost MMIC technology.

We have developed a device technology using n-AllnAs/GalnAs on InP
substrate, where the gate technology incorporates a p-n junction barrier (fig 1). The
p-n junction, that exists between the p+ InGaAs surface layer and the two
dimensional electron gas (2DEG) in the channel, exhibits low gate leakage and a
high breakdown voltage. Most importantly, the gate to channel separation is
determined solely by MBE growth which leads to a reproducible gate barrier height
which translates to high threshold uniformity.

The problems of gate contact resistance and hole injection associated with the
junction barrier gate technology are addressed by very high acceptor doping and the
large hole barrier provided by this material system. We have succeeded in

developing a high performance, uniform (threshold uniformity 6V, = 13.7 mV)
Junction-Modulated HEMT (JHEMT) technology, with unity gain cutoff frequency fr

of 105 GHz and unity power gain cut-off frequency (fmax) to 220 GHz which is the
highest fmax reported for a junction-barrier FET (JEET).
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Figure 1. Comparison of band-diagrams of Schottky-Gate and Junction-Gate HEMTs.




B. Summary of results.

Results of different device structures and concepts that were investigated in order to
develop the desired technology are summarized in this section.

1. Single-Doped p+AllnAs/n-AlinAs/GalnAs JHEMTs.

The device structure investigated here was the p+AllnAs/n-AllnAs/GalnAs
JHEMT. The gate barrier is determined by the work function between the neutral p+
gate layer and the 2DEG, which may be as large as the energy bandgap of the chosen
gate material, 1.4eV for AllnAs (for a conventional Schottky HEMT, this value is 0.6
eV). The performance of both lum and 0.2um gate length p*-AllnAs/n-
AllnAs/GalnAs JHEMTs with regrown ohmic contacts is reported.

The 1 pum device is shown in fig 2. Both devices show good pinchoff
characteristics, similar transconductance (220-240 mS/mm) and current density (250-
300 mA/mm).
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Figure 2. 1-um gate length p+-AllnAs/n-AllnAs/GalnAs JHEMT structures
fabricated. Both regrown ohmic contact (left) and alloyed ohmic contact (right)
technologies were utilized.

The main point here is that uniform, non-alloyed regrown contacts
contribute to higher breakdown voltages than the standard alloyed contacts. The
gate-drain breakdown voltage of the regrown sample is 31 V which is 40 % higher
than the 22V breakdown for the alloyed sample (fig 3).
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Figure 3.. Room temperature dc two-terminal gate-drain diode characteristics of the
1-um gatelength JHEMTs with non-alloyed regrown ohmic contacts and alloyed
ohmic contacts.

The 0.2 um device is shown in fig 4.
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Figure 4. Device structure and the SEM micrograph of the device layout of the
0.2um p*-AllnAs/n-AllnAs/GalnAs JHEMT. In the layout view, the regrown
regions are clearly seen as is the dry-etched, vertical sidewall of the mesa.




The full channel current is 450 mS/mm and the peak gm at drain voltage of 1.5 V is
250 mS/mm. The maximum gmn is 300mS/mm at V4s of 2V. The two terminal
reverse breakdown is -19 V, the high value being attributable to regrown contacts.
The 3 terminal on state breakdown is 5.2 V (for a source drain spacing of 2.7 um).
On-wafer RF measurements were done using a Wiltron 360 Network analyzer. A
plot of gain versus frequency (V,=1.4V, V =-2.4V) is given in fig 5 revealing the

(f.) and (f,..) of 0.2um gatelength device to be 62GHz and 105GHz, respectively.
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Figure 5. RF gain versus frequency for the 0.2um gatelength JHEMT.

2. p+ AllnAs/n-AllnAs/GalnAs JHEMTs

Here the advantages of the p+-GalnAs gate electrode over a p+-AllnAs gate
electrode are examined. The change to p+-GalnAs for the gate electrode has many
advantages like lower gate resistance, reduced threshold voltage and a more flexible
fabrication process.

The band diagrams of the p*-GaInAs/n-AllnAs/GalnAs JHEMT and the p*-
AllnAs/n-AllnAs/GalnAs JHEMT are overlaid in Figure 6. First, by the removing
the p+-AllnAs, the valence band discontinuity at the p*-GalnAs/p*-AllnAs
heterojunction is eliminated (This lowers the electron barrier slightly compared to
p+-AllnAs gate but the electron barrier is still significantly higher than a
conventional Schottky gate HEMT). This reduces the gate contact resistivity and,
subsequently, the gate contact resistance, which is even more significant at short
gatelengths.
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Figure 6. Energy band diagram comparing the p+-GalnAs/n-AllnAs/GalnAs JHEMT
with the p+-AllnAs/n-AllnAs/GalnAs JHEMT.

Second, the thickness of the gate layer may be reduced by eliminating the p*-
AllnAs from the gate region. This, consequently, allows the gate recess etch to be
achieved using wet etching. So, the triangular-shaped gate(which is used in the
previous case where gate recess etch has to be done by RIE) may be replaced by a T-
shaped gate, which has one-third the gate metal resistance. Therefore, the total gate
resistance can be reduced by utilizing a single thin, p*-GalnAs gate layer.

Third, the ohmic contacts to the channel may be alloyed through the thin p*-
GalnAs gate layer to obtain lower source and drain parasitic resistance. In the p*-
AllnAs/n-AllnAs/GalnAs JHEMT, the gate layers were too thick to achieve low
contact transfer resistance to the channel. Thus, the ohmic contact regions were
regrown unless additional etch-stop layers were added to the structure.

Finally, the p+-GalnAs layer may be doped to much higher values than p*-
AllnAs. The p+-GalnAs layers grown for the JHEMTs in this chapter were doped
from 3x1019 to 1x1020 cm-3 using beryllium acceptor-impurities. The two
consequences of higher acceptor doping are (i) less back depletion, and (ii) lower
threshold voltage.

DC characteristics:

A plot of the three terminal I-V characteristics and gm, I4s versus Vgs
(V4s=1.5V) is shown in Figure 7 and 8 respectively. The full channel current and dc
transconductance shown for a 100um device is 460mA/mm and 520mS/mm,
respectively. The improved transconductance, over p*-GalnAs gate JHEMTs, results
from reduced source resistance as well as the high aspect ratio.
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Figure 7. Three terminal I-V characteristics for the 0.2um gatelength JHEMT.
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Figure 8. g, I vs Vgs for the 0.2um gatelength JHEMT

The threshold voltage of the device is -0.8V. More importantly, the
uniformity in threshold voltage is excellent with a standard deviation only of




13.7mV across the entire sample. This is as the threshold voltage of the JHEMT is
established mainly by the MBE (layer thickness and doping) uniformity.

RF performance

The microwave s-parameters were measured on-wafer using a Wiltron 360
Network Analyzer. A plot of gain versus frequency (1-60 GHz) at Vs = 0.8V, and Vg
=-0.3V, is shown in fig 8. From the short circuit current gain, the extrinsic fr of the
0.2um single-doped p+-GalnAs/n-AllnAs/GalnAs JHEMT is 105 GHz. From the
maximum stable gain (MSG) and the unilateral power gain (U), the unity power
gain cut-off frequency (fmax) is 170 GHz. The peak fmax is over 200 GHz at V45 = 1.0V
(fig 9) and to our knowledge this is the highest fmax reported for a junction gate-
barrier FET (JFET).
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Figure 9. Gain versus frequency of the 0.2um JHEMT
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Conclusion :

This investigation focused on the gate region of the InP-based HEMT. There
are two distinct advantages of the JHEMT over the Schottky HEMT. First, the fixed
gate-to-channel separation of the JHEMT determines important device parameters
like Vi, Cgs, and Ggs which vary with the gate recess in the Schottky HEMT.
Second, Junction HEMT allows the gate barrier of the HEMT to be tailored by
selecting a gate material whose energy bandgap determines the gate barrier. The
selection of a gate material also determines other relevant parameters (e.g. gate
contact resistivity, acceptor doping capability) which affect important aspects of the
device. The tradeoffs are the underlying focus in the following summary of the
JHEMTs investigated in this work.

The two gate materials investigated were p*-GalnAs (Eg=0.75eV) and p*-
AllnAs (Eg=1.48eV). If p*-AllnAs is chosen as the gate layer, then a large gate barrier
is achieved which is suitable for enhancement-mode operation. But, the high
barrier comes at the expense of (i) high gate contact resistivity (4x10™ Q-cm?), (ii)
gate back depletion (120A) which effectively reduces the aspect ratio, and (iii) a thick
gate region (~600A) since the AllnAs requires a graded transition to a p*-GalnAs cap
layer. However, if p*-GalnAs is chosen as the gate layer, then the barrier is
compromised to achieve (i) lower gate contact resistivity (3x107 Q-cm?), (ii)
negligible gate back depletion (6A), and (iii) a thin gate region (~200A) since the p*-
GalnAs is also the cap layer.
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